Direct sensing of fluoride in aqueous solutions using a boronic acid based sensor † The development of supramolecular optical sensors capable of rapidly detecting the aqueous fluoride ion has received considerable attention due to the toxicity of the fluoride ion, which can cause dental and skeletal fluorosis. 1 Binding of aqueous fluoride, however, has always been challenging because of the high hydration enthalpy of the fluoride ion. Therefore, very few examples have been developed for sensing aqueous fluoride at ppm levels which is required for drinking water quality control. Sensors selective for binding or reacting with fluoride 2 have been designed via hydrogen bonding, 3 anion-p interaction, 4 Lewis acid-base interaction 5 and hydrolysis of silyl ethers.
6
Those based on boronic acids 7 represent an attractive approach due to the reversible nature of the boronic acid-fluoride binding and the intrinsic selectivity against the interference of common anions like chloride, phosphate and acetate. However, no boronic acid-based sensor has yet been reported that allows direct aqueous fluoride sensing at environmentally significant levels, as a result of insufficient fluoride affinity of boronic acids in water. Thus extraction of the binding complex of fluoride with boronic acid into organic solvents has been employed for establishing a boronic acid based fluoride sensing system. 10 We also envisioned that the presence of a diol component would further enhance the fluoride affinity, given the higher acidity of boronate esters than boronic acids. 11 In this context, an increase in the affinity towards hydroxide was expected, a common interference to fluoride sensing with boronic acid based sensors. We therefore decided to carry out fluoride sensing under acidic conditions that binding of the hydroxide ion is not significant, while fluoride effectively forms a boronic acid-diol-Lewis base ternary complex. Indeed, 1 in combination with a carboxy-substituted catechol, protocatechuic acid (PCA), forms a highly selective and sensitive sensing ensemble for direct sensing of fluoride at ppm levels in acidic aqueous solutions (Fig. 1 ).
In the absence of any diol at pH 2, 1 is cationic and at 0.1 mM it exists dominantly in the monomeric form, since the absorbance of the pyrene chromophore at 344 nm depends linearly on the concentration of 1 up to 0.1 mM (Fig. S1 in ESI †) . Indeed, at 0.1 mM 1 exhibits only a very weak excimer emission at 500-600 nm along with the monomer fluorescence (Fig. S2b , ESI †). The presence of 5 mM PCA leads to a slight decrease in the absorbance of 1 at 344 nm (0-0 vibronic band of S 0 -S 1 transition) and an increase in the absorbance at 328 nm (0-1 vibronic band of S 0 -S 1 transition) (Fig. S2a, ESI †) , indicating a slightly increased extent of aggregation.
12 Meanwhile, a more intense excimer emission was observed (Fig. S2b , ESI †), showing a positive correlation between excimer emission and the extent of aggregation of 1. We found that the excimer emission of 1 in the presence of 5 mM PCA undergoes a dramatic enhancement, upon addition of fluoride ions (Fig. 2a) , allowing sensing of fluoride in aqueous solutions at ppm concentrations (Fig. 2b) . It was noted that the enhancement of excimer emission was accompanied by an increase in solution turbidity (Fig. S3 , ESI †), suggesting the formation of large colloidal particles. Hence, it was shown that fluoride ion binding to the 1-PCA ensemble promotes the aggregation of 1 as a zwitterionic complex.
In the absence of PCA, strong excimer emission was also observed from 1 upon fluoride binding. The titration plot shows a sigmoidal profile and can be well fitted under a 1 : 3 stoichiometry (1 to fluoride), indicating the formation of trifluoroboronate species (Fig. S4, ESI †) .
7c,e The calculated fluoride binding constant of (3.0 AE 0.3) Â 10 7 M À3 is more than 3 orders of magnitude higher than that of phenylboronic acid determined in 50% MeOH-water buffer at pH 5.5. 7e The fluoride affinity of 1 dropped dramatically in the presence of cetyltrimethylammonium bromide micelles that suppress the aggregation of 1 (Table 1 and Fig. S5 , ESI †). These results demonstrate that the formation of supramolecular aggregates strengthens the boron-fluoride interaction in aqueous solutions. The presence of PCA leads to less sigmoidal response profiles. While the effect of PCA is more pronounced at low fluoride concentration, the excimer emission of 1 displays no PCA concentration dependence at fluoride concentrations higher than 3 mM (Fig. 3) . Attempts to fit the fluoride titration curves in the presence of PCA were not very good (Fig. S7 and S8, ESI †) . Therefore, it was assumed that at high fluoride concentrations, the excess fluoride replaces PCA in the 1-PCA ensemble to form trifluoroboronate species. The apparent binding constants of 1 for fluoride in the presence of PCA were then calculated using the data obtained at [F À ] o 1 mM (Fig. S9 and S10, ESI †), where fluoride is unable to induce excimer emission of 1 in the absence of PCA, therefore, the excimer signal originates from the 1-PCAfluoride ternary complex. The apparent binding constants obtained (Table 1) show a dramatic increase with increasing PCA concentration, confirming the role of PCA in enhancing the fluoride affinity of 1 by the formation of a boronate ester which is more acidic than the boronic acid. The cooperative binding of PCA and fluoride toward 1 was also confirmed by the enhanced profile of excimer emission of 1 plus 1 mM NaF compared with that of just 1, with increasing concentrations of PCA (Fig. S11 , ESI †), demonstrating that the 1-PCA interaction is significantly enhanced by fluoride. 13 A similar cooperative effect was also observed for catechol (Fig. S12 , ESI †) and, to a lesser extent, for D-fructose (Fig. S13 , ESI †), whereas not for D-glucose (Fig. S14 , ESI †). It appears that the fluoride-enhanced diol binding to boronic acid is effective only with strongly binding diols such as PCA and catechol but not with the weakly binding diols such as D-glucose. 14 The pH dependence of the fluoride sensing of the 1-PCA ensemble was examined at a PCA concentration of 5 mM (Fig. S15 , ESI †). The pH profile in the absence of fluoride shows significant binding of OH À even at pH 2.5. An abrupt drop in excimer Fig. 2 (a) Fluorescence spectra of 1 (0.1 mM) in the presence of 5 mM PCA and NaF (0-10 mM) in pH 2.0 phosphate buffer containing 50 mM NaCl and 1.5% (vol%) methanol. (b) Fluorescence intensity at 526 nm vs. NaF concentration. l ex = 328 nm. The cubic root of the binding constant for the 1 : 3 1-fluoride complex. b Attempt to fit the titration curve gave a poor result (Fig. S6, ESI) . Fig. 3 Excimer fluorescence of 1 (0.1 mM) at 526 nm versus fluoride concentration in the presence of PCA at different concentrations in default buffer. l ex = 328 nm. Note that both the horizontal and vertical axes are shown on the logarithmic scale for a better view of the low NaF concentration region.
emission was observed within the pH region of 3.5-5, which likely results from the deprotonation of the carboxylic group in PCA (pK a 4.48 15 ) leading to electrostatic repulsion and thereby disfavouring pyrene aggregation. The apparent pK a values of the 1-PCA complex were estimated to be 2.69 and 4.12 (Fig. S16 , ESI †), which correspond to hydroxide binding to the boron centre and deprotonation of the carboxylic group, respectively. pH 2 was therefore chosen so that no appreciable hydroxide binding occurs, while further decreasing pH is not desired because of protonation of the fluoride ion. Selectivity of the 1-PCA ensemble among other common anions was tested (Fig. S17, ESI † ] o 0.6 mM and the sulfate interference at higher concentrations can be masked by using BaCl 2 .
The 1-PCA ensemble was applied to the determination of fluoride in a commercial liquid mouthwash sample. The response of the 1-PCA ensemble to fluoride was found to decrease significantly in the complex sample matrix containing nonionic surfactants which reduce pyrene aggregation and dyes that could quench the fluorescence. Therefore a standard addition procedure was adopted (Fig. S18, ESI †) . This result (0.13 mg g In summary, we have developed a boronic acid-based sensing ensemble capable of directly sensing aqueous fluoride at ppm levels. The unprecedented sub-mM fluoride affinity of simple phenylboronic acid derivatives was found to arise from two factors: (i) the presence of catechol increases the Lewis acidity and therefore fluoride affinity of boronic acid under highly acidic conditions; and (ii) supramolecular aggregation of the 1-PCA-fluoride adduct enhances the apparent fluoride affinity by shielding the boronate-fluoride complex from bulk water. Although higher binding affinity has been reported with intrinsically more Lewis acidic sensors, our system shows large modulation of excimer emission, allowing the fluoride ion to be determined over a large concentration range and the capacity of sensing at ppm levels. We believe that the analyte-induced aggregation strategy can be used to enhance analyte affinity with other weak binders in the design of highly sensitive chemosensors for biologically important species.
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